Background: Nitric oxide (NO) is cytostatic for proliferating cells, inhibits microbial growth, and down-regulates the synthesis of specific proteins. Studies were undertaken to determine the mechanism by which NO inhibits total protein synthesis and whether the inhibition correlates with established cytostatic activities of NO. Materials and Methods: In in vitro experiments, various cell types were exposed to NO using either donors or expression of inducible NO synthase (iNOS). The capacity of NO to suppress total protein synthesis, measured by incorporation of 35S-methionine into protein, was
Introduction
Nitric oxide (NO) is generated from the amino acid L-arginine by three known NO synthase other factors. Induced NO is cytostatic or even cytotoxic to some cell types (4, 5) and has been shown to inhibit microbial growth (6) . Mechanisms thought to be responsible for the cytostasis and cytotoxicity include direct inhibition of ribonucleotide reductase (7) as well as inhibition of key metabolic enzymes (8, 9) . Under some conditions, direct toxicity is probably mediated by peroxynitrate, the reaction product of NO with superoxide (10) . Exposure to levels of NO generated by iNOS also can induce a stress response marked by the up-regulation of heme oxygenase ( 11) and heat shock protein (hsp) 70 (12) , which is thought to result from nitrogen oxide interaction with heme proteins (11, 13) or intracellular thiols (12) . In hepatocytes, expression of iNOS is associated with a decrease in total protein synthesis (14) (15) (16) . The mechanism of this inhibition remains to be established. It is also unknown if inhibition of protein synthesis is a common response of cells to levels of NO produced by iNOS. Furthermore, it is unclear how NO-induced suppression of protein synthesis relates to other cytostatic activities of NO, such as inhibition of cell proliferation (17) , inhibition of the replication of intracellular pathogens (18, 19) , or suppression of the synthesis of specific cellular proteins such as insulin (20) or even iNOS itself.
Protein synthesis may be regulated by initiation factor eIF-2 via phosphorylation of the a subunit. eIF-2 is required for the formation of the 43S initiation complex followed by the assembly of the complete 80S initiation complex in the presence of Met-tRNAmet. When eIF-2a is phosphorylated, however, eIF-2 is inactive and protein synthesis is inhibited (21) . Kinases responsible for the phosphorylation of eIF-2a include the heme-regulated eIF-2a protein kinase (22, 23) , which is present in hematopoietic cells, and the RNA-dependent eIF-2a protein kinases (PKR), which have a ubiquitous expression pattern (24) . Mechanisms leading to the activation of PKR are only partially understood; however, PKR phosphorylation of eIF-2a occurs in association with the inhibition of viral replication and tumor proliferation in cells exposed to interferon (25, 26) , as well as in response to cellular stress (27) . In the present study, we sought to determine whether inhibition of protein synthesis by NO is a generalized response that occurs in association with other cytostatic actions of NO. In addition, we tested whether the inhibition of protein synthesis by NO was associated with the increased phosphorylation of eIF-2a and inhibition of 80S complex formation.
Materials and Methods

Materials
Williams media E, penicillin, streptomycin, L-glutamine, and Hepes were purchased from Gibco (Grand Island, NY). Insulin was purchased from Eli Lilly Co. and calf serum was obtained from Hyclone Laboratories (Logan, UT). The murine macrophage anti-iNOS monoclonal antibody was obtained from Transduction Laboratories (Lexington, KY). Monoclonal anti-eIF-2a was provided by Dr. E. C. Henshaw. S-nitroso-N-acetylpenicillamine (SNAP) was synthesized every 2 months as described previously (11) , stored frozen as a solid aliquot in the dark, and checked for stoichiometric S-nitrosothiol content by the method of Saville (28) . NG-monomethyl-L-arginine (NMA) was purchased from Cyclopss (Salt Lake City, UT). Red blood cells were isolated as previously described (6) . Adenoviral vectors carrying either the cDNA for human iNOS or ,B-galactosidase (lacZ) were prepared and tested as previously described (29) . All other chemicals and proteins were purchased from Sigma, (St. Louis, MO) unless indicated otherwise.
Isolation of Islets and Peritoneal Macrophages, and Cell Culture All animal protocols were approved by the University of Pittsburgh Animal Care and Use Committee. Primary cultures of peritoneal macrophages or pancreatic islets were prepared from 6-week-old iNOS knock-out (iNOS -/-) or wild-type (iNOS +/+) mice (obtained from C. Nathan and J. Mudget) as previously described (5, 30) . Macrophages were cultured in Williams media E supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 ,ug/ml streptomycin, and 10% low endotoxin calf serum in 5% CO2-95% air at 37°C. The murine macrophage cell line RAW264.7 was also maintained and cultured in supplemented Williams media E. Macrophages were stimulated with LPS (1 p,g/ml) and IFN-,y (100 U/ml). Pancreatic islets were cultured with RPMI 1640 (Gibco BRL) containing 11.1 mmol/l glucose, 50 U/ml penicillin, 50 jig/ml streptomycin, and 10% heat-inactivated fetal bovine serum (FBS) (33) .
Ribosome Profiles in Sucrose Gradients RAW264.7 cells were rapidly isolated in ice-cold PBS containing 100 ,ug/ml cycloheximide. After centrifugation at maximum speed in a microcentrifuge for 10 sec, the pellets were resuspended in hypotonic swelling buffer (40 mM (Fig. IB) . SNAP, which had been preincubated in solution to release all of the NO prior to the addition to the cells, had no effect. Both the anti-proliferative effects as well as the suppression of protein synthesis by SNAP were reversed by the addition of the NO scavenger oxyhemoglobin (Fig. 1A,B ).
To determine whether iNOS expression also suppressed tumor cell protein synthesis in conjunction with decreased cell proliferation, husynthesis. L929 cells were incubated with media containing SNAP or oxidized SNAP for 4 hr and then 35S-methionine was directly added into the culture media. After a 6 hr incubation, 35S-methionine incorporation into protein was measured after precipitation with TCA using a scintillation counter. All data are expressed as mean ± SD of more than two independent experiments, each performed in triplicate.
man ovarian A2008 tumor cells, stably transfected to overexpress either IFN-,y or lacZ, were co-incubated with the murine macrophage cell line RAW264.7. The IFN--y-producing A2008 cells stimulated NO production by the RAW264.7 cells as measured by nitrite release (31) into the culture media. NO production was almost completely inhibited by the addition of NMA ( Fig. 2A) . Both cell proliferation and total protein synthesis in the co-cultures were suppressed by about 30% in an NO-dependent manner (Fig. 2B, C) . Incubation of the A2008 cells with SNAP also suppressed proliferation and protein synthesis in a concentration-dependent manner (data not shown). These data demonstrate that the cytostatic effect of NO (Fig. 3A) . Exposure to LPS + IFN--y suppressed both total protein synthesis and viral replication in the macrophages from the WT mice (Fig. 3B) (Fig. 4A) . Under the same experimental conditions, IL-1,B inhibited total protein synthesis in islets from WT animals, but not KO islets (Fig. 4B) . The suppression of protein synthesis was completely reversed in the islets from WT mice by the addition of NMA (Fig. 4B) . To determine whether iNOS expression independent of cytokine addition would also inhibit protein synthesis, islets from both WT and KO mice were transduced with the human iNOS cDNA using an adenoviral vector. As shown in Figure 4C , overexpression of iNOS, but not lacZ, suppressed total protein synthesis in islets from both WT (Fig. 5C ). To determine if the decrease in iNOS protein was associated with a change in steady-state mRNA levels, Northern blot analysis was performed (Fig. 5D) examined the effect of NO synthesis on ribosomal complex formation by sucrose density gradient analysis (Fig. 6B) NO has been shown to suppress many cellular functions, including proliferation, metabolism, and protein secretion. The L-arginine -> NOx pathway was identified in murine macrophages when the conversion of L-arginine to nitrate was shown to be required for tumor cell cytostasis (41) . These cytostatic effects were found to occur in association with inhibition of mitochondrial respiration (42) and inhibition of ribonucleotide reductase (7) . We identified the iNOS pathway in hepatocytes based on the capacity of cytokine-induced iNOS expression to inhibit total protein synthesis (14) . The inhibition of protein synthesis in these cells could not be attributed to inhibition of mitochondrial respiration and was cGMP independent (16). The current series of studies significantly advances these previous observations by showing that NO generated by iNOS efficiently suppress total protein synthesis in several cell types. Nonspecific suppression of protein synthesis could exert cytostatic effects by limiting the production of essential proteins needed for proliferation or other key cellular functions. Down-regulation of protein synthesis would have an even more profound influence on cellular events, such as intracellular microbial proliferation, that are dependent on rapid production of new proteins.
The uniformity of the response of cells for the inhibition of protein synthesis implicated a mechanism involving a control point in protein synthesis common to all cells. Phosphorylation of the a subunit of protein synthesis initiation factor eIF-2 is one of the best characterized translational control mechanisms. The phosphorylation of eIF-2a on serine 51 prevents translation by impairing the eIF-2B-catalyzed guanine nucleotide exchange of eIF-2.GDP for GTP.eIF-2 required for the binding of the eIF-2/GTP/methionyl/tRNAi complex to the 43S ribosomal subunit (24) . Both PKR and HRI kinases have been shown to phosphorylate eIF-2a in mammalian cells; however, PKR has a ubiquitous distribution whereas HRI is thought to be erythroid specific (43) . Therefore, our data suggest that NO activates PKR to phosphorylate eIF-2a, leading to the inhibition of protein synthesis. Cytokines such as IFN-,y and dsRNA (35, 44) lead to the phosphorylation of eIF-2a by activating PKR. Whether NO exerts a similar effect will require further investigation. The capacity of NO to induce cellular stress responses such as the heat shock response (12) raises the possibility that the phosphorylation of eIF-2a is a result of such a stress response.
It is interesting to note that activation of PKR with phosphorylation of eIF-2a contributes to the antiviral effects of IFN-,y (35) and that through the same mechanism, PKR may function as a tumor suppressor (26) . Our results correlate the inhibition of viral replication in murine macrophages with an NO/iNOS-dependent suppression of total protein synthesis. In a similar fashion, suppression of tumor cell proliferation occurred in association with inhibition of total protein synthesis. It is likely that the nonspecific inhibition of protein synthesis inhibited the production of proteins needed for viral and cellular replication. Protein synthesis is not completely inhibited, suggesting that additional mechanisms also contribute to the cytostatic action of NO.
Nonspecific inhibition of protein synthesis may also account for some of the more specific actions described for NO. In pancreatic islets, we show that cytokine-induced iNOS expression and iNOS gene transfer both inhibit total protein synthesis. Thus, the well-described inhibition of insulin production by islets following cytokineinduced iNOS expression could occur either totally or in part due to nonspecific inhibition of protein synthesis. This relationship is more specifically borne out in RAW264.7 cells where the inhibition of total protein synthesis is paralleled by the reduction in iNOS protein synthesis. This could represent a feedback mechanism to downregulate iNOS expression in conditions of excessive oxidative or nitrosative stresses, thereby turning off further NO production. More likely is the possibility that the inhibition of total protein synthesis in this setting is a stress response intended to transiently shut down nonessential functions to conserve cell resources during recovery. Prolonged inhibition of total protein synthesis, however, could lead to loss of cell viability. Taken together, our observations add to the growing list of NO targets, a key pathway in the control of protein synthesis.
